Over the last 20 years the results of many experiments indicated that the so-called soluble enzymes of the tricarboxylic acid (TCA) cycle were not free within the mitrochondrial matrix [ l , 21. The data indicated that the TCA cycle enzymes were bound to the inner surface of the inner mitochondrial membrane; other results obtained in vitro indicated that they interacted sequentially. It was possible to isolate, from lightly sonicated mitochondria, a preparation that contained the TCA cycle enzymes bound to the inner membrane. Their sequential arrangement in situ has not been demonstrated, but based on the kinetics of a number of different coupled systems of the TCA cycle, it seems reasonable to postulate such an arrangement [3] . The part of our fractured mitochondrial preparation that catalysed the total reaction of the TCA cycle was called a metabolon [4] . Th' IS was a new name not a new concept, and it was a name for an isolable (but not pure) biological entity.
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In addition to the experiments in vitro with pure enzymes, we have presented evidence for the existence of a TCA-cycle metabolon using mutant yeast cells. W e have shown that for the expression of a normal phenotype mitochondrial citrate synthase (CS 1; EC 4.1.3.7) had structural requirements in addition to its enzymic requirement. Thus, yeast cells without CS1 (activity or protein) could not grow on acetate [5] , but cells with inactive CS1 protein had partially recovered their ability to grow on acetate. A similar observation was reported that the deletion of mitochondrial isocitrate dehydrogenase (NAD+) causes a loss of acetate growth in yeast cells even though mitochondrial isocitrate dehydrogenase (NADP+) is present in the mitochondrion [6] (Table 1) . These experiments show that the specific structure of TCA-cycle-enzyme proteins is necessary and that enzyme activity alone does not suffice for growth on acetate.
If indeed the enzymes were sequentially bound, then one could envision that 'channelling' of substrates from one enzyme to another occurred. It is important to distinguish between several types of Abbreviations used: TCA, tricarboxylic acid; CS 1, mitochondrial citrate synthase. In animal tissues it is believed that the major pathway of propionate metabolism is to succinyl CoA through the pathway shown in Fig. 1 . If tight channelling (i.e. direct transfer of substrate from one enzyme to another, type (3) above) occurred from succinyl CoA through succinate dehydrogenase and fumarase, one might expect to see asymmetric Volume 19 Enzymology in vivo Although a tight channel of the type listed as (3) above would account for these results, other explanations were possible [12-151. A series of experiments were initiated to test the tight-channel hypothesis further. The following questions were addressed.
(1) Is TCA-cycle activity necessary for the reported results? In the paper of Sumegi et al. [ 1 11 it is shown that in a CoQ-deficient mutant of yeast, in which oxidation through the TCA cycle is reduced, the tight channelling of label from propionate to alanine is not detectable. [ 18, 191. We have already discussed the propionate to succinate pathway which exists in animal tissues, including invertebrates, some bacterial species, including E. coli [20] , and in some plant tissues. Many insects lack H12, and in those organisms a pathway from propionate to acrylate to 3-hydroxypropionate and then to acetate has been described [ 181. This pathway could not account for the labelling pattern observed here (Fig. 1) . This pathway has been proposed in certain micro-organisms as well. Tabuchi & Sarizawa [21] have described a methylcitrate cycle which results in the direct conversion of propionate to pyruvate (Fig. 1) . The enzymes for this cycle have only been described in a yeast (Yarrowia lipolytica) which has the capacity to utilize alkanes. It should be noted, however, that some enzymes of the TCA cycle have been shown to be able to catalyse reactions of the methylcitrate pathway. If this pathway occurs simultaneously with other pathways then interpretation of these data is more complex. In this case we must rely on auxiliary data pertinent to this problem to assist us in understanding what mechanisms are involved. In addition, a pathway of propionate through lactoyl CoA to pyruvate has been described in E. coli [22] (Fig. 1) . Enzymology in vivo C-5 of glucose. Since these were about equal, this could have occurred only in the TCA cycle by scrambling at the succinate and fumarate steps.
Rognstad [24] has reported the distribution of label in glucose from [3-'3C] pyruvate by rat hepatocytes.
[2-"C]Glucose had 80% of the label of [l-''C]-glucose indicating that near perfect scrambling had occurred during gluconeogenesis. Since this was a perfectly reasonable explanation it was adopted by all of us as a truism. Similar experiments gave similar results so that it was no longer necessary to test the hypothesis. If one examines many published experiments where information about this question might be forthcoming, one finds the data are usually not examined to test for the existence of other mechanisms. However, we have also used computer and mathematical models to examine the effects of tight channelling on isotope distribution in glutamate under steady-state conditions. Surprisingly, partial channelling does not produce labelling patterns that are dramatically different from patterns that occur with full scramb-I i ng.
It is clear from the results we have obtained that evidence for tight channelling depends upon the starting substrate, the absolute activity of the TCA cycle, anaplerotic reactions, and the time of the experimental protocol. Although we believe the interpretation put forward originally by Sumegi et al. [ l l ] is still the best one available, we have not ruled out alternate pathways, and we are still designing and carrying out other experiments to test the validity of this interpretaion. The existence of a TCA cycle metabolon, however, does not depend upon the presence of tight channelling, but the presence of tight channelling would certainly add important confirmation for the occurrence in vivo of the metabolon.
